Water repellence is an important factor in soil erosion due to its role in inhibiting the re-establishment of vegetation after fire and due to its enhancement of run-off. Water repellence is studied across a range of diverse disciplines, such as chemistry, materials, textiles and soil and reclamation science. In recent years many basic studies of water repellence of materials have focused on the role of the sub-mm surface topography of a material in modifying the intrinsic hydrophobicity imparted by the surface chemistry to create super-hydrophobicity. In this report, we first illustrate the types of hydrophobic effects created by a suitable coupling of small scale surface topography with surface chemistry using three examples of materials: an etched metal, a foam and a micro-fabricated pillar structure. These examples demonstrate the general applicability of the ideas and suggest that they could apply to a granular material, such as a fine sandy soil, particularly when the grains have become coated with a hydrophobic layer. This applicability is confirmed by contact angle measurements of droplets of water on hydrophobic sand. A theoretical model describing the application of these ideas to a loose-packed, but regular, array of uniform spherical grains is then presented and discussed. When the grains are in a dry initial state the effect of the surface is to increase the apparent water repellence as observed through the contact angle. However, when the spaces between the grains are initially filled with water, the effect is to provide greater wetting. To qualitatively confirm the enhancement of contact angle caused by the granular structure, model surfaces using 600 µm and 250 µm hydrophobic glass beads were created. On these surfaces, the contact angle of droplets of water was increased from 108 o to 126 o and 140 o , respectively.
INTRODUCTION
Enhanced or extreme water repellence can occur after fire or intense heating of soil containing hydrophobic organic matter (DeBano, 2000; Letey, 2001) , after contamination of land during oil or other spillages McGill, 1998, 2002) or naturally under certain vegetation types. Such enhancement of water repellence has far reaching implications such as increased soil erosion due to accelerated run-off, enhanced preferential flow and reduced vegetation growth in the affected ecosystem (Doerr et al., 2003; Terry and Shakesby, 1993; Karnok et al., 1993) . Understanding water repellence is not restricted to soil science, but is a common concern across many scientific and engineering problems including textiles, materials and building construction. However, the language and techniques used to investigate and describe similar aspects of these problems are often different and translating common issues and progress between one discipline and another, quite disparate, discipline can be difficult.
In physical chemistry, hydrophobicity originates from the surface chemistry and is often investigated using contact angle measurements (Adamson and Gast, 1997) . A fundamental concept is the contact angle, θ e , on a smooth solid predicted theoretically by Young's law, cosθ e = (γ SV -γ SL )/γ LV (1) where the γ ij are the various interfacial tensions between the solid, vapor and liquid; the Young's law contact angle θ e summarizes the chemistry (or intrinsic hydrophobicity) of the solid-liquid-vapor system. However, in textiles the shape and weave of fibers can be as important as the precise surface chemistry and the use of contact angles is often replaced by water drop penetration time (WDPT) tests. In soil studies, water drop penetration time (WDPT) and molarity of ethanol droplet (MED) tests are used widely (Doerr, 1998; Roy and McGill, 2002; Van't Woudt, 1959) , whereas within materials work, contact angle studies are common. The differences in techniques deployed are necessitated by the need for in-situ fieldwork and the potential ambiguities that occur when field samples are prepared for laboratory work or when idealized models are created in the laboratory. However, the differences in language and techniques also indicate an underlying difference in emphasis between surface chemistry and the small scale surface shape or topography.
In this report we focus on how the coupling of the surface chemistry of a material with the sub-mm topography of a surface can create extreme water repellence; an effect often referred to as super-hydrophobicity. Our aim is to provide an understanding of the application of concepts from materials science to a granular material, such as a loose sandy soil. We do not claim or imply we are experts in soil science, but rather we provide three examples of materials and experiments from our laboratory that illustrate the relationship between sub-mm topography and extreme water repellence. The first example uses etched and non-etched metal surfaces with the same surface chemistry to develop the role of topography in enhancing wetting (Shirtcliffe et al., 2005a) . The second example is a foam and is used to develop an understanding of the role of surface chemistry in a converting a given structure to a super-hydrophobic material (Shirtcliffe et al., 2003; Shirtcliffe et al., 2005b) . The third example, uses a microfabricated pillar system to show that super-hydrophobicity can be quantitatively described and that the exact influence of topography depends upon the aspect ratio of features and not simply surface roughness (Shirtcliffe et al., 2004) . These examples have previously been published as specific methods of creating super-hydrophobic surfaces, but are used here to develop a coherent and systematic view of general principles that we believe are relevant to a hydrophobic granular surface as found in soil science. Such a surface could be produced during a wildfire by the volatilization of organic compounds and their re-condensation onto suitable size and shape grains within the soil profile.
To further investigate the implications of previous quantitative modeling of a hydrophobic granular surface (McHale et al., 2005) , we extend the model to examine the effect of relaxing the condition of close-packing of spherical grains. We show how topographic enhancement of hydrophobicity to super-hydrophobicity can collapse depending upon the combination of grain spacing and degree of intrinsic hydrophobicity of the solid. We discuss the limitations on validity of the model due to the fact that grains of soil may not be fixed, but can be lifted from the surface. We also present new data for experiments with surfaces composed of hydrophobized glass beads and sand. Thus, while a major focus of this article is to develop the underlying concepts of super-hydrophobic materials in a manner relevant to soil water repellency, it also provides evidence for super-hydrophobic effects in soil water repellency and limitations on their applicability. In particular, these effects could provide a mechanism for enhancement of soil water repellence through the relative size and spacing of grains and pores and a possible explanation for why soil water repellence should be more prevalent under dry conditions than wet.
MATERIALS SCIENCE EXPERIMENTS

Role of topography
One extreme of the topography-hydrophobicity relationship is a smooth surface with either its intrinsic chemical functionality or with a hydrophobic coating. Figure 1a shows a droplet of water of approximately 2 mm diameter on a smooth copper surface and Figure 1b shows a droplet on a smooth copper surface after it has been treated with a fluorocarbon based water repellent treatment (Grangers extreme wash-in solution designed for re-waterproofing Goretex jackets); the droplet, together with its reflection in the surface, is shown in side-profile and silhouetted using backlighting. The change in the surface chemistry seen by the droplet of water results in an increase in the contact angle, the angle tangent to the water-air interface measured at the point of contact with the solid surface, towards 110-120 o . Increasing a contact angle above 120 o purely by the use of surface chemistry is difficult. The other extreme of the topography-hydrophobicity relationship is shown in Figure 1c . In this experiment, we etched a series of craters, of approximately 25 µm diameter, in a square lattice array, in the copper surface prior to treating the surface with the hydrophobizing solution (Shirtcliffe et al., 2005a) . In fact, in this experiment the craters were over-etched until the craters joined and left a regular array of pinnacles approximately 50 µm apart. The image shows a contact angle in excess of 160 o , which is higher than the 150 o , which is usually taken as the formal definition of a superhydrophobic surface (for a review of such surfaces see Blossey, 2003 and references therein) . The interpretation of the water droplet in Figure 1c is that it is suspended on the peaks of the surface topography and bridges across the gaps. This is possible because the length scales are such to make surface tension, γ LV , rather than gravity, the dominant force. A simple estimate of the length scale for capillarity to dominate is given by the capillary length κ -1 =(γ LV /ρg) 1/2 . The origins of this can be seen by comparing the weight of a spherical droplet, 4πρR 3 /3, where ρ is density and R is the spherical radius, with a typical surface tension force of 2πRγ LV . For water the capillary length is 2.7 mm and so water on surfaces with length scales of around 270 µm and less will be surface tension dominated. In experiments, such as Figure 1c , feature separations of 50 µm have been shown to produce super-hydrophobic effects; larger separations may also do so, but we have not shown this systematically. Surfaces created by etching copper may not initially appear similar to soil, but the key features of sharp pinnacles with a suitable separation and a hydrophobic surface chemistry is relevant to grains of sand possessing a hydrophobic coating (Figure 1d and 1e). In Figure 1e , the droplet sits within a slight depression and the actual contact angle of around 139 o , suggests that the shape and packing of the sand grains may play a role a)
analogous to surface topography. The experiments with etched copper surfaces show that surface chemistry alone is not sufficient to create extreme water repellence; the small scale surface topography also needs to be suitable and it can certainly be in the size range of fine sand.
Role of Chemistry
Another quite different material we have made in our laboratory is a porous methyl terminated sol-gel glass (MTEOS sol-gel) (Shirtcliffe et al., 2003) . Without the hydrophobic outward facing methyl groups, this material is a crumbly foam that acts like a sponge. However, with the methyl groups facing outwards, a droplet of water is unable to enter the pores and a droplet of water sits upon the surface protrusions skating across the pores in-between. Figure 2a shows a droplet of water (with some food coloring to provide contrast) on the MTEOS foam which appears white. When the drop is removed the foam remains unstained indicating that there was no penetration of the water into the surface. However, if we heat this particular foam to above 400 o C and cool it again, then we remove the hydrophobic surface chemistry with little change to the physical structure of the foam (Figure 2c ). The effect on the water repellence is immediately obvious -when we deposit a droplet of water on its surface, the foam imbibes all of the liquid and the foam now acts as a super-sponge (Shirtcliffe et al., 2005b) . The extreme water repellence of such a heattreated foam can be re-established by treating it with a hydrophobizing solution. The pores in these foams can be tailored to be of the size of tens of nanometers to tens of microns. These experiments show that a porous material can provide a suitable small scale surface topography for extreme water repellence, but that suitable surface chemistry is still required for it to be observed. They also show that a suitable surface or material can be switched between super-hydrophobic and water-imbibing and back again by changing the surface chemistry, and that the precise surface chemistry is not an issue provided it imparts sufficient hydrophobicity to the small scale surface topography. 
Skating-to-Penetrating Transition
The sol-gel foam material shows a transition from a water droplet penetrating material to a water droplet skating across the surface protrusions of the material dependent upon the surface chemistry of the foam. This concept of penetration-toskating can be investigated systematically using a microfabricated surface consisting of a regular array of pillars (Shirtcliffe et al., 2004) . In Figure 3 the contact angle for a water droplet is shown as the height of the pillars is increased; the inset shows a scanning electron microscope image of the surface. The pillars are circular in crosssection with a 15 µm diameter and arranged in a square array with centre-centre separation of 30 µm and are made using a polymer material (SU-8), which is strong, hard and chemically resistant. For a flat surface of this polymer the contact angle is around 80
o , but as surfaces are constructed with successively taller pillars a sudden transition to a contact angle of above 140 o occurs. This higher contact angle is due to the water droplet no longer penetrating between the pillars. Once the droplet skates across the top of the pillars, bridging the gaps in-between, the droplet effectively sits on a composite surface consisting of the pillar tops and the air gaps between pillar tops. This simple view immediately provides quantitative predictions consistent with the experiments (Cassie and Baxter, 1944) . Considering the plane of the tops of the pillars, the basic unit used to create the pattern of pillars has one circle of radius r p within a square of side lengths 4r p thus giving a basic unit area equal to 16 r p 2 of which the solid surface area is πr o . These experiments show that relatively simple views of the combination of small scale surface topography and the surface chemistry can be used to make quantitative predictions about extreme water repellence if the water droplets are in the skating regime. Pattern Height/µm
Role of Roughness
The pillar surface illustrates that once a droplet skates across surface protrusions, the observed water repellence is a combination of surface chemistry via the intrinsic contact angle, θ e , on the solid and surface topography via the solid fraction f. Indeed, once a minimum height of pillars has been achieved and skating has occurred (i.e. there is no capillary penetration) the height of the pillars is no longer an influence on the observed contact angle. This means that the roughness factor, r, defined as the ratio of true solid surface area to the horizontally projected surface area is not a relevant parameter for a droplet skating across protrusions. For the circular profile pillars of radius r p arranged in a square pattern with repeat lengths of 2 r p , the roughness is a function of pillar height, h p , and is r=(16 r p 2 +2πr p h p )/ 16 r p 2 = 1 + 0.393h p /r p . Whilst the roughness factor is not a relevant parameter once the water droplet enters the skating regime, it is relevant if the liquid penetrates between surface features. Figure 4 shows results for droplets of different liquids placed upon the pillar surface. The horizontal axis shows the contact angle measured on a flat, smooth surface of the polymer and the vertical axis shows the observed contact angle for a droplet on the pillared surface of the same type as in Figure 3 ; the dotted line is a guide to the eye. The pillars are of height 43 µm and so have a roughness factor of r=2.13 complementing the planar solid surface fraction of f=0.196. One way of viewing Figure 4 is that it shows how the liquid repellence due to the chemistry is converted into either a higher degree of repellence or into a greater wetting by the surface structure. Liquids tending towards wetting, such as diidomethane, which form low contact angle droplets on the smooth surface, are entirely drawn into the surface structure on the pillar surface. In contrast liquids tending towards non-wetting, such as glycerol and water, become more non-wetting on the pillar surface.
Figure 4
Observed contact angle, θ o , for droplets of different liquids placed on a surface of type shown in Figure 3 with pillars of height 43 µm; the surface has not had a hydrophobic coating. The results are plotted in sequence using the contact angle, θ e , measured on the flat polymer surface.
In the description of the skating-to-penetrating transition, we noted that we can use the solid surface fraction, f, and the contact angle on the smooth surface to quantitatively predict the contact angles for liquids skating across the pillar surface. For complete penetration of liquids into the surface features, quantitative estimates can also be performed. In this case, theoretical arguments suggest that the effect of the topography is that the cosine of the observed contact angle, cosθ o , is a scaling of the cosine of the smooth surface angle by the roughness (Wenzel, 1949) . Thus, on the surface in Figure 4 , cosθ o =rcosθ e , where θ e is the contact angle on the horizontal axis of Figure 4 . Since, the maximum value of cosθ o is unity, and the roughness is greater than one, there is a minimum contact angle θ e min , below which all liquid droplets spread out into the surface pattern. For the surface in Figure 4 , the quantitative estimate is cosθ o =1 when 1=2.13cosθ e min , i.e. θ e min =62 o , and this is consistent with the data in Figure 4 , which show that ethylene glycol and liquids with lower contact angles on the smooth surface are all drawn out into the surface structure and do not form liquid droplets on the pillar surface. These experiments demonstrate that a surface showing extreme water repellence, may, when investigated by liquids other than water or by mixtures including water, such as an MED test, interact with the small scale surface topography via at least two quite different mechanisms (i.e. the penetration-to-skating transition).
Pre-existing Penetration
When a droplet of water sits on a super-hydrophobic material in the skating form, so that water does not penetrate into the pores or gaps between features, we are able to make quantitative estimates of the observed contact angle by imagining the droplet as supported on a composite surface consisting of a surface fraction, f, of the solid and a surface fraction (1-f) of air. In a similar manner, we can imagine that when there is some pre-existing penetration so that all pores (or gaps) are filled with water, any droplet of water on the surface will then be supported on a composite surface consisting of a surface fraction, f, of the solid and a surface fraction (1-f) of water (Bico et al., 2001 (Bico et al., , 2002 . In air, a droplet of water completely balls up so that the contact angle is 180 o and cos(180 o )=-1, whereas a droplet of water on a layer of water spreads out completely so that the contact angle is 0 o and cos(0 o )=+1. In these two situations, the observed contact angle can be worked out from the weighted averages of the cosines as cosθ o = f cosθ e ± (1-f), where the negative sign indicates air in the pores and the positive sign indicates water in the pores. In the former case, the effect is to cause a larger observed contact angle, whereas in the latter case it is to cause a smaller observed contact angle.
As a numerical example of the effect of the pre-existing state of a surface, consider a surface composed of a solid possessing a flat surface contact angle of 90 o formed into a surface with a solid surface fraction f=0.196. In this state, the observed contact angle for a droplet of water will be 143.5 o if the pores are filled with air, but only 36.5 o if the pores are filled with water, These considerations suggest that the apparent water repellence of a porous or granular type surface could depend sensitively on the pre-existing state of the material and whether any of the pores or gaps between grains are filled with water.
Sticky and Slippy Surfaces
The experiments described previously also reveal another aspect of extreme water repellence. Obtaining the image in Figure 1d is difficult because a droplet of water prefers to stay with the syringe rather than detach onto the surface or, if the droplet is mechanically detached and dropped onto the surface, it bounces and, if there is any tilt of the surface, it rolls off. The surface in Figure 1d is both a superhydrophobic and a slippy surface. In contrast, some super-hydrophobic surfaces are sticky, in the sense that a droplet does not roll away even when a large tilt angle for the surface is applied. Experiments, such as those described by Figure 3 , show that the skating droplet corresponds to the slippy surface and the penetrating droplet corresponds to the sticky surface (Quéré et al., 2003) . It is also worth noting that the previously described surfaces involve solid protrusions which cannot be lifted from the substrate. If grains on a surface are free and sufficiently small then it is energetically preferable for them to attach to the solid-liquid interface and create a completely non-wetting and freely rolling liquid marble (Aussillous and Quéré, 2001; Mahadevan and Pomeau, 1999) . Essentially, water itself is sticky even for hydrophobic grains.
SOIL SCIENCE AND SUPER-HYDROPHOBICITY
Super-hydrophobicity
The possible relationship between ideas of super-hydrophobicity in materials science and extreme water repellence in soil science has only occasionally been mentioned in the literature and rarely considered in any depth (Dekker and Ritsema, 2000; Doerr et al., 2000; Dekker et al., 2005) . The requirements for superhydrophobicity are two-fold: i) the small scale surface topography must be suitable to provide a composite surface of solid and air with gaps or pores small enough that surface tension forces dominate, and ii) the surface chemistry of the solid must be hydrophobic to reduce capillary penetration and must be imparted on the solid without clogging the pores or gaps. What is also clear from experiments is that these conditions can be met in a wide variety of ways. In particular, the surface topography can result from roughness, hairs or fibers, surface texture and porosity, to name just a small number of mechanisms. Whilst this has not been emphasized in the previous section, the skating form of super-hydrophobicity is also favored by surfaces with sharp features. It is therefore a natural question to ask whether the ideas explaining the transformation of the water droplet in Figure 1b to Figure 1c can be applied to the water droplet in Figure 1e and, if so, whether such a transformation might occur naturally in some sandy soils.
Extreme Soil Water Repellence
Reviewing literature on extreme water repellence in soil, at least five reported features appear to suggest a possible relationship to super-hydrophobic materials. First, soil exhibiting extreme water repellence is usually within the upper part of the soil profile (Henry and Paul, 1978; Dekker and Ritsema, 1994) , thus suggesting a strong surface effect. Second, it is promoted by drying of soil (DeBano, 2000; Letey, 2001) , which would be consistent with water droplets sitting upon a composite solid and air surface. Third, it can be established either via natural processes or oil contamination (Dekker and Ritsema, 2003; Roy and McGill, 1998; , thus indicating that surface chemistry may only need to be of a hydrophobic class rather than a more specific chemistry. Fourth, loose sandy soil is more prone to it (see e.g. the US Fish and Wildlife Service Fuel Effects and Fire Effects Monitoring Guide), although Doerr et al., (2000) , who also report that that repellency is most commonly observed in sandy soils, note that the highest levels of repellency tends to be reported from medium textured soils, suggesting both a suitable grain size and the existence of gaps between grains. Fifth, forest fires or intense heating of soil is known to cause it by volatilized (hydrophobic) waxes from organic matter, subsequently condensing and coating soil particles (DeBano, 2000; Letey, 2001) . This fifth observation is particularly interesting because vapor deposition of a hydrophobic material onto suitable size particles, which are then arranged into a surface, is one way of creating a material with super-hydrophobic properties. A non-soil scientist view could therefore be that soil is a convoluted surface consisting of a porous or granular material coated with hydrophobic compounds and that extreme water repellence occurs when droplets of water bridge between grains and across pores or gaps so that the droplets effectively sit upon a composite solid and air interface. An alternative view incorporating some of these ideas would be that the porous or granular material is less hydrophobic, but is interspersed with hydrophobic grains providing bridging points so that droplets may again adopt a skating configuration.
A Naïve Model of Soil
To quantitatively illustrate how ideas on water repellence might be related to the concept of a super-hydrophobic surface we consider a model of a surface composed of solid spheres (Figure 5a, b) (McHale et al., 2005) . In this model we assume i) the spheres are of uniform size, ii) the spheres are smooth, iii) the spheres are arranged in a regular, but not necessarily close-packed, pattern, iv) gaps between spheres are small enough for surface tension to be the dominant force, v) droplets of water are gently deposited on the surface rather than grown by condensation onto the surface, vi) if air exists between spheres, the droplets bridge the gap with a horizontal meniscus between the spheres, and vii) the spheres are in fixed locations and cannot be lifted by the surface tension of the water. We also ignore complex grain/pore structure, micro-or macro-aggregates with differing hydrophobicity, water flow and transport properties of soil. Assumptions i)-iii) are clearly an idealized view of grains of sand, but nonetheless capture the idea of the grains providing a solid surface fraction. Modifying assumption i) to include a mixed two size system with the larger size fraction providing the hydrophobic grains could provide a model whereby the water repellence is imparted by micro-aggregates rather than a hydrophobic coating of all grains. It would also be possible to assume that in a mixed size system, the larger grains are in contact with the water and the smaller grains simply extend the distance between larger grains and therefore effectively determine the ε parameter in Figure 5 and the minimum hydrophobicity required to prevent water penetration. Assumption 2 is self-evidently a poor approximation to a typical sandy soil whose grains have sharp asperities. The effect of such asperities will be to increase the intrinsic contact angle needed to prevent penetration of water into the surface, but provided penetration does not occur it will then reduce the fraction of solid surface and so promote water repellence via the Cassie-Baxter mechanism with water bridging grains. If assumption iii) is broken and the grains are not spaced in a regular array, this may create localized areas through which penetration of water occurs and collapses any super-hydrophobic effect; should this not happen then the wider spacing between grains should cause a higher super-hydropobic contact angle. Assumption iv) requires the gaps between grains bridged by water to be substantially less than the capillary length of water of 2.7 mm and so is likely to be valid for particle sizes up to sand, but not for much coarser material. Assumption v) will be true in some situations and not others where pressure forces water into the granular structure. For example, often the skating type configuration for a water droplet is only a metastable one, and growing a droplet by condensation or providing it with an impact force will cause water to penetrate into the surface features and remove any air gaps between grains. Assumption vii), which requires grains to remain in fixed locations, is also likely to be a severe limitation. In our experiments, we observe that a droplet of water rolled on very fine hydrophobic sand develops a powdery coating and becomes a liquid marble, which is completely non-wetting; the apparent contact angle is then determined by the volume of liquid in the marble and not by the underlying surface on which it rests. A calculation of the free energy change for a hydrophobic grain on the surface to attach to a droplet of water shows it is energetically favorable unless the Young's law contact angle is 180 o -a contact angle that has never been achieved by any surface chemistry (Aussillous and Quéré, 2001) . Indeed, if small grains can lift up from the soil due to surface tension, this would be an alternative mechanism to increase water repellency to simply providing a spacing between larger grains. Such a liquid marble is highly mobile on a surface and has implications for run-off and soil erosion. Despite the assumptions and limitations in the model, we believe it is useful to illustrate the effect of a granular hydrophobic surface on water repellence.
To take account of whether the sandy soil prior to droplet deposition is dry or wet we consider the situations shown in Figure 5c and Figure 5d . The first shows a droplet deposited on dry sandy soil and skating across air gaps. The observed contact angle, The difference between equations (2) and (3) is in the change in sign of the (1-f) term. This change in sign switches the effect of the space between grains from enhancing water repellence to enhancing wetting. To calculate the observed contact angle taking into account the topography needs knowledge of both the Young's law contact angle θ e arising from the surface chemistry, and of the solid surface area fraction f. The solid surface fraction f can be worked out from the geometry provided a horizontal meniscus is assumed and this gives, 
In this calculation, the solid spheres have a radius R and their centre-to-centre separation is 2(1+ε)R, where the spacing parameter ε>0 accounts for the fact that the grains are not necessarily close-packed. Full derivation of equations (1)- (4) is given in McHale et al. (2005) .
To extend consideration of the effect of the separation of the spheres on the model beyond that of previous results, we consider the conditions leading to water penetration into a loose-packed hexagonal bed of spherical grains/spheres where the distance from centre-to-centre of adjacent spheres is 2(1+ε)R. Ignoring any hydrostatic pressure, the change in surface free energy ∆F, caused by a layer of water penetrating an extra depth ∆h into the upper layer of spheres, when the meniscus is already at a depth h below the top of the spheres in the upper layer, is,
The equilibrium depth of penetration, h e , is then given by, 
provided the penetrating water does not contact any solid surfaces below the top layer of spheres. Although Eq. (6) does not explicitly depend on the extent of loose packing through the ε parameter this is only because it effectively assumes the upper layer of spheres all rest on a perfectly flat surface through the condition that penetrating water should not contact any solid surfaces from the layer below. In this extreme limit, the maximum penetration is h e =2R and this corresponds to a minimum Young's law contact angle before water penetrates into the bed of spheres, from Eq. (6), of θ e =0 o .
A more sophisticated view would be to have three adjacent spheres in the upper-most layer forming an equilateral triangle sitting with the central hole they define resting directly on a sphere from the layer beneath. In this case, the minimum Young's law contact angle before penetrating water comes into contact with this sphere from the layer below and induces complete penetration, is given by, Moreover, the maximum ε allowed before the hole between the three spheres is large enough that the sphere below slips through is ε max =√3-1=0.732, which sets a limit on the ε parameter in Eq. (7).When ε=0, the bed of spheres is hexagonal close packed and a layer of water may be supported by solid spheres with θ e >50.73 o ; this is consistent with previous theoretical calculations and experimental data (Bán et al., 1987; Shirtcliffe et al., 2006) . Spacing the spheres further apart increases the minimum hydrophobicity needed for water to be suspended by the upper-most layer of spheres and the Cassie-Baxter type super-hydrophobic enhancement to occur, until at ε=0.677 a minimum Young's law contact angle of θ e =120 o (around the maximum physically achievable by surface chemistry alone) would be needed to support a layer of water. o for the Cassie-Baxter effect to occur and a droplet to be suspended by the spherical particles in this model. The solid points at the start of each curve indicate the minimum Young's law contact angle before complete penetration of water into the surface occurs according to Eq. (7). The vertical axis shows the combined effects of surface chemistry and the topography of spheres, either in close packed or loose packed form depending on the value of ε. Figure 6 shows that a surface chemistry with θ e >θ e min causes a droplet deposited on the dry soil surface (i.e. Figure 5c ) to show enhanced water repellence. As ε increases above 0.0 (closepacking) two effects occur. Firstly, the lowest intrinsic contact angle needed to prevent capillary penetration increases systematically. Secondly, for droplets that are suspended by the surface, the enhancement of apparent hydrophobicity, as given by the observed contact angle of a droplet, increases. The dotted arrow in Figure 6 shows that an intrinsic Young's law contact angle of θ e =120 o will be increased by the To examine some of the broad features of the model we conducted experiments using 600 µm and 250 µm nominal diameter glass beads treated with trimethylsilylchloride (TMSCl). Figure 8 shows side profile views of droplets of water on the 600 µm diameter beads (Figure 8a ) and the 250 µm diameter beads (Figure 8b ). The measured contact angles in these two cases are 126 o and 140 o , respectively, compared to 108 o for a droplet of water on a flat glass surface treated with TMSCl. Whilst the contact angle for droplets on both sizes of beads is larger than on the flat surface, the fact it is different suggests that either the 600 µm diameter beads are sufficiently large for the assumption that surface tension dominates and droplets bridge the gaps between beads is failing, or that the beads do not pack in a regular close-packed array. This latter conclusion is supported by the fact that Eq. (4) would only predict f(0)=0.874 and hence a contact angle increase to 113 o . To obtain a contact angle increase to 140 o , as observed in Figure 8c , would require f(ε)=0.339
with an ε=0.807, although this would be unphysically large for a regular hexagonal model of beads resting on a set of identically sized beads. Figure 8c shows a top-view of a droplet of water on the 600 µm diameter bead substrate; the droplet is in the centre of the image and acts as a lens to magnify the size of the beads immediately below it. Figure 8d is a view of the 250 µm diameter bead substrate without a droplet of water and at a greater magnification. It is clear that the beads are not in a regular or close-packed arrangement and that the solid surface fraction, f, is much smaller than 0.874, although it is not possible to provide a precise estimate of f from the image. Additional experiments on water droplets on hydrophobic sand grain surfaces have also been presented previously in Figure 1d and Figure 1e . The views of this surface show that its grains have sizes in the 100-400 µm range, that the grains are not close packed and that the grains have sharp asperities. Figure 1e shows an apparent contact angle for water of 139 o , although we believe the angle may be larger as a consequence of the side profile being slightly obscured due to the droplet sitting in a small hollow in the sand. The significance of these experiments with glass beads and hydrophobised sand is not in their precise contact angle results or whether quantitative agreement with the naïve model is obtained, but that simple systems with glass beads of relatively large sizes of 250 µm (and even 600 µm) and fine sand can cause measurable increases in the observed contact angle. 
Close examination of the images from experiments shows that hydrophobic grains can be lifted from the substrate and that the lower surface of a droplet can become coated in a manner similar to a liquid marble (Aussillous and Quéré, 2001) . Such liquid marbles are completely non-wetting and highly mobile and could themselves have an impact on soil erosion. Coating liquids with a waxy powder to create liquid marbles is an approach used by galling aphids to remove liquid from inside the plant gall in which they live (Pike et al., 2002) . However, this affect could equally easily become a mechanism which erodes loose hydrophobic grains of soil from a surface, cause droplets of water to ball up and increases soil water repellence.
CONCLUSION
In this work we have considered the possible relationship between super-hydrophobic materials and extreme water repellence in soil. A naïve model of spherical close packed spheres has been used to show that large observed contact angles can occur if droplets of water are deposited on such a surface provided it begins in a dry state. For such an enhancement to occur a minimum intrinsic hydrophobicity is required and this increases if the solid spheres are spaced further apart. The model predicts that the same surface, starting in a state with water between the spheres, causes increased wetting rather than extreme water repellence and implies that pre-existing wet soil would reduce water repellence. The model predicts a strong dependence on the separation and packing density of the spheres and this is consistent with experiments using small hydrophobic glass beads and hydrophobic sand. Moreover, these experiments suggest the size range for grains in fine sandy soil is plausible for a super-hydrophobic effect to occur. Such an effect would be consistent with reports of extreme water repellence being related to loose, fluffy, sandy soil. We also suggest that sharp features on sand grains or the microstructure of any wax could have a strong effect on increasing water repellence. An additional mechanism for producing non-wetting, not accounted for in the model and based upon droplets becoming coated in hydrophobic grains, has been identified. Should super-hydrophobic effects be occurring in soil then the molarity of ethanol (MED) droplet test would be a probe of the skating-to-penetrating transition whereas the water droplet penetration time (WDPT) test would investigate droplet penetration routes so that these tests would not necessarily measure the same effects. Observed contact angle, θ o , for a water droplet on square lattices of polymer pillars of diameter 15 µm and centre-to-centre separation of 30 µm and various heights; the surface has been treated with a hydrophobic coating. The inset shows an SEM image of the surface.
Figure 4
Observed contact angle, θ o , for droplets of different liquids placed on a surface of type shown in Figure 3 with pillars of height 43 µm; the surface has not had a hydrophobic coating. The results are plotted in sequence using the contact angle, θ e , measured on the flat polymer surface. 
